Traditionally, components of hardened steels, such as bearings, gears, shafts and rails, are finished by grinding process. In this study, Precision Hard Turning (PHT) is proposed as an alternative finishing process to manufacture AISI 52100 bearing components (60-62 HRC), because PHT improves surface integrity and therefore increases the Rolling Contact Fatigue (RCF) life. An experimental design is used, under dry condition using cubic Boron Nitride (c-BN) cutting tools, to investigate the effect of cutting parameters on surface integrity characterised via surface roughness, microstructure analysis and residual stresses. Then, fatigue life tests are performed on a twin-disk machine. SEM observations of transversal cross-sections of all samples show the presence of a very fine and white layer (<1μm) on the top surface and a thermal affected zone of 40-50 μm in the subsurface. PHT does not affect quantitatively the percentage of the different microstructural phases and leads to decrease the number of dislocations in the transition zone compared to the bulk material, which is correlated to decrease of nanohardness in the transition zone. Compressive residual stresses are measured in surface and sub-surface and their level is more in compression in the circumferential direction than in tangential direction. Levels of roughness decrease as cutting speed increases. RCF life of bearing steel components machined by PHT reached 5.2 (at Ra=0.11 μm) and 0.32 million cycles (at Ra=0.25 μm). Therefore, RCF life increases as the roughness amplitude Ra decreases.
Introduction
In the manufacture of precision mechanical components such as bearings, cams, and shafts, precision hard turning has found increasing interest as finishing process. It is being regarded as an attractive alternative to conventional grinding: environmentally-friendly, ability to manufacture complex workpiece geometry, capability to achieve low surface roughness amplitude and compressive residual stresses, which can improve the functional performance of components such as increasing the fatigue life [1] [2] [3] . The Rolling Contact Fatigue (RCF) life of bearing steel components is heavily influenced by the surface topography [4, 5] as well as metallurgical and mechanical state of the subsurface layers [5, 6] .
The surface roughness in elastohydrodynamic lubrication contacts has a significant effect on the component life [7] . The presence of the roughness on the contact surfaces modifies the normal pressure distribution through local variations in the pressure distribution and perturbations in the elastohydrodynamic lubrication film thickness. For example, Kumar et al. [8] has shown that the maximum pressure increases with roughness amplitude indicating that higher roughness heights lead to localized thinning of the lubricant film. The fatigue life of bearings is determined by the detachment of material (spalling) following the initiation of cracks below the contact surface, spalling due to surface irregularities and due to the distress caused by surface roughness or inadequate lubrication [9, 10] . In the case of hardened steel, fatigue origins have resulted in a preponderance of surface asperities [11, 12] . Thus, roughness is considered as one of the main causes of crack initiation for hard steel components.
Hard turning can introduce modifications within the surface layer of a workpiece identified as white layer. These metallurgical transformations result of intense, localized and rapid thermo-mechanical loading. The white layer is referred to as untempered martensite and characterised by an increase in hardness than the bulk material [13, 14] . Akcan et al. [13] attributed this to the very fine grain size (<100 nm) of the white layer. Griffiths [15] attributes white layer formation to three possible mechanisms: i) rapid heating and quenching resulting in transformation products, ii) severe plastic deformation producing a homogenous structure or one with a very fine grain size, iii) surface reaction with the environment, e.g. in nitriding processes. In subsurface (under white layer), a transition zone referred to as overtempered martensite and characterised by an decrease in hardness than the bulk material [13, 14] .
In this study, at first, the microstructure analysis, phase composition and residual stresses of the surface and subsurface layers were carried out. Then, the effect of surface roughness amplitude, characterized by the Ra value, on rolling contact fatigue was studied. Finally, phase composition and residual stresses analysis after RCF was investigated.
Experimental work

Experimental set-up and machining tool
This high precision machine is a prototype lathe, designed by Snecma TM Motor, with T-slide architecture, as shown figure 1. The two slides-ways (X-and Z-axes) are guided by hydrostatic-bearings offering low friction, high stiffness and high damping; fixed on a massive granite block (1.5 tonne), which resting on four self-levelling pneumatic isolators. The straightness of both slides is better than 0.3 μm over a displacement of 100 mm. The spindle is mounted axially to the Z-axis and an active magnetic bearing is adopted to achieve greater spindle dynamic stiffness. Due to the high accuracy needed along X-and Z-axes, ironless linear motors ILD 24-050 (ETEL TM ) are used for feed drive system. Each linear axis is operated by a position control system controlled using an incremental linear encoders LIP 401R (Heidenhain In this work, AISI 52100 bearing steel rings thermally treated to an average hardness of 61±1 HRC were used as workpiece material. The length of the ring was 14 mm with outer diameter of 70 mm and the inner diameter of 19 mm. The machining tests were performed under dry cutting conditions using c-BN cutting tool inserts (ISO code CNGA 120408 S01030 7025) manufactured by SandvikTM Coromant. The inserts were mounted using a Coro torn RC rigid clamp system in the tool holder DCLN 2525M12 (ISO), providing the following angles: rake angle γ0 = -6°, inclination angle λs = -6°, cutting edge angle χr = 95°, clearance angle α = 6° and nose radius r = 0.8 mm. Feed rate f (μm/rev) 50 100
Depth of cut ap (μm) 5 10 A full factorial experimental design (23) was performed to analyse the effect of cutting parameters (cutting speed, feed rate and depth of cut). Table 1 shows the different levels of the cutting parameters. The full set of eight experiments is shown in table 2.
Roughness measurement
The measurements were carried out by stylus profiler 3D KLA-TencorTM (P-10 model) with a 2 μm tip radius, loaded with 50 mN. For each specimen, 25 roughness profiles were recorded perpendicular to the grooves. The scanning length and the sampling length were respectively 8 mm and 0.1 μm (80 000 data points along the profile length). Each profile was fitted by a third degree polynomial to remove the form of the surface.
Microstructure analysis
The micrographic analyses of cross-sections were then carried out using scanning electron microscope (Philips XL30 ESEM-FEG). In order to make a quantitative analyse of the structural phases in the material, an analyse of the X-ray diffraction by energy dispersion was performed using polychromatic radiation. For a selected fixed angle, photons having the wavelength (or energy) satisfying the Bragg's Law (λ=2d.sinθ) may be diffracted. The material crystals play the role of a spectrometer in selective energy. Using a detector capable to sort photons in function of energy, a spectrum giving an intensity according to energy may be obtained [16] . To treat diffraction spectrum in an effective and reproducible way, an analytical simulation has been realised. This is a way to be free from problems involved in lines overlapping or presence of not identified parasitic peaks. The software of diffraction spectra treatment developed initially does only relate to the iron phases (ferrite, austenite, martensite). It is based on the reconstitution of the complete diffraction spectrum of both phases alpha and gamma iron, to which the martensite phase, which is a phase slightly tetragonal close to the cubic structure of ferrite, can be added [17] .
Measurements of residual stresses were also performed using the X-ray diffraction technique. Measurements were performed using Cr-Kα radiation diffracted at 2θ = 156° in the atomic plan (211) of steel. These conditions give the strain localised at a depth of 6 μm (following the EN-15305 standard: Test methods for residual stress analysis by Xray diffraction). The analyses are realised in the radial and longitudinal directions, in four locations. The X-Ray spot size is adapted to the measurement zone. For each direction φ, 7 angles of incidence ψ (ψ=0 and 6ψ>0), are considered to obtain equivalent interval in the sin2ψ axe and to have 0 ≤ sin2ψ ≤ 0.45.
The diffraction pattern position is determined by the centered barycentre method developed by Cetim and recognized in the standard. The radiocristallographic constants used for the reflexion plan (211) in the residual stress calculation are: ½ S2=5.83 10 -6 MPa -1 S1=-1.28 10 -6 MPa -1 . Therefore, a Cauchy extrapolation called LMH Kα1 is performed on each diffraction peak, and the mean width at half height of the peaks is measured. It is known that X-ray diffraction peak characterises the microstructural state of a material. Usually in steel or stainless steel, plastic deformation increases the default density which induces a band broadening. Increase of defaults density means increase of number of dislocations. (or phase transformations)
To determine the residual stress and Cauchy extrapolation beneath the machined surface, an electro-polishing technique was utilized.
Rolling contact fatigue test rig
RCF tests are performed on a twin-disc test rig (figure 1), specifically designed by CETIM to investigate the contact between gear teeth or ring and rolling elements. The two discs rolled under pure rolling conditions and are lubricated by oil injection (Mobil Gear 629, kinematic viscosity of 15.8 cSt at 100°C). The normal load is applied by a pneumatic cylinder. In the test rig, the lower disc is cylindrical (machined disc), while the upper disc is crowned ( figure 3 ). The geometry of the contact surfaces provides an elliptical contact area for applied load 1100 daN which corresponds to a Hertzian pressure of 3.8 GPa. Two proximity Hall-effect sensors are used to detect initiate spalling on the surfaces. The test is stopped when one of the sensors detects a spalling or it reaches 10 million cycles. To evaluate the rolling contact fatigue life of precision hard turned, ground and ground followed by honed specimens, two tests were carried out on each specimen under the same conditions. 
Results and discussion
Surface roughness
Surface roughness measurements are given in table 3. The feed rate strongly affects roughness average Ra. As f decreases, Ra increases from 0.15 to 0.25 μm. Indeed, it is well known that the theoretical geometrical roughness average Ra is primarily a function of feed rate for a given nose radius. Moreover, a significant variation was observed on Ra which decreases from 0.24 to 0.16 μm when cutting speed increases. Depth of cut has an important increasing effect. As ap increases, Ra increases from 0.16 to 0.24 μm. A complementary test (sample 9), out of the experimental design, with a very high cutting speed of 360 m/min was carried out. Indeed, previous results have shown that Ra decreases as cutting speed increases and moreover, it was not possible to decrease the others cutting parameters as the depth of cut and feed rate respectively under 5 μm and 50 μm/rev. The result of the complementary test is presented in table 3. The obtained Ra value is one of the optimal values. 
Microstructure and phase composition
The Scanning Electron Microscopy (SEM) observations of the transversal cross-section of each specimen clearly revealed metallurgical transformations in the subsurface (see figure 2 ). This can be seen as an affected layer consists of fine white layer (below 1 μm thickness) on the top surface, followed by an optical transition zone (about 40-50 μm thickness) and then the bulk material. As consequence, quantitative phase compositions were measured at the surface and at 25 and 50 μm, in the transition zone, whereas at 75 μm in the bulk material. Table 4 illustrates the percentage of martensite phase, γ phase (retained austenite) and Fe 3 C versus depth relative to specimen 3. The measurements reveal that the percentage of martensite (92%) does not change after machining and shows that the material remains in the martensite phase particularly at surface. In addition, the X-Ray beam penetrates into 6 μm depth and then the Energy dispersive X-ray diffraction measurements carried out on the machined surface are averaged in 6 μm depth. Therefore, the surface measurements do not take into account only the white layer (1 μm depth). The percentage of carbide is near 8% whereas the percentage of retained austenite is almost zero in analyzed depths. High precision machining does not affect quantitatively the percentage of the different phases. In the transition zone (25 and 50 μm depth), there is no evolution of the different phases.
However, X-Ray measurements show that LMH is lower in the transition zone than in the bulk material (see Figure 3 ). This decrease of LMH is associated to a decrease of dislocation rate. This microstructural evolution in the transition zone could be explained by an overtempered martensite due to high temperature at surface during cutting. As low depth of cut (5 and 10 μm), the thermically affected zone due to cutting is small (some microns in depth) and thus the temperature which affects the transition zone is only due to thermal conduction; then, the level of tempered temperature is reached. In addition, a series of nanoindentation measurements had been carried out on the crosssections to investigate the mechanical behavior of the transition zone [4] . It confirms that the transition zone has a mean hardness of 5 GPa, which is about 30% softer than the bulk material (8 GPa). To summarize, these results show that precision hard turning, generates both homogeneous thicknesses of the white layer and the transition zone, does not affect quantitatively the percentage of the different phases and leads to decrease the number of dislocations in the transition zone which is correlated to decrease of nanohardness compared to the bulk material.
Residual stress analyses
As presented previously, residual stresses analyses have been performed by X-Ray diffraction. Three samples (3, 7 and 9) have been analysed. Figures 4 and 5 present respectively the tangential and circumferential residual stresses. For samples 3 and 7, it may be seen that the compressive residual stresses due to machining are localised in the first 50 μm which corresponds to the transition zone described previously.
In tangential direction (figure 4), it may be seen that at machined surface the residual stresses are more compressive (-400MPa) with 10 μm depth of cut compared to -110 MPa with 5 μm. Furthermore, increasing cutting speed from 260 to 360 μm leads to more compressive residual stresses (from -110 to -280 MPa). The maximum level of compressive residual stresses (-810 MPa) is situated in the transition zone with high cutting speed (360 m/min) and in addition, the compressive zone extends from 50 to 80 μm. Furthermore, the effect of depth of cut is not evidenced in this zone. In circumferential direction (figure 5), it may be seen that at machined surface the residual stresses are more compressive (-1050 MPa) with 10 μm depth of cut compared to -450 MPa with 5 μm. Furthermore, increasing cutting speed from 260 to 360 μm (sample 9) leads to increase the level of compressive residual stresses (from -450 to -1050 MPa). In addition, the compressive zone extends from 50 to 80 μm when cutting speed reach to 360 m/min. At machined surface, the level of residual stresses is more compressive in the circumferential direction than in tangential direction.
Effect of surface roughness on rolling contact fatigue life
The rolling contact fatigue life results, referred to the number of stress cycles required to initial spalling of test specimens, are reported in figure 6 . The results show that RCF life increases as Ra value decreases. Indeed, with a higher level of roughness amplitude (Ra = 0.25 μm) the RCF life reaches 0.32 million cycles, whereas with a very low level of roughness amplitude (Ra = 0.1 μm), the RCF life reaches 5.2 million cycles. Therefore, high level of roughness amplitude Ra has a very detrimental effect on RCF life. 
Conclusion
The attained surface roughness in precision hard turning is in the range of 0.1 to 0.2 μm, which is equivalent or better than those obtained by grinding process. Precision hard turning, generates both homogeneous thicknesses of the white layer and the transition zone, does not affect quantitatively the percentage of the different phases and leads to decrease the number of dislocations in the transition zone which is correlated to decrease of nanohardness compared to the bulk material. The compressive residual stresses are localised in the first 50 μm, which corresponds to the transition zone. Increasing cutting speed leads to increase the level of compressive residual stresses, and extends this compressive zone from 50 to 80 μm in depth. RCF life of bearing steel components machined by precision hard turning reached 5.2 (at Ra = 0.11 μm) and 0.32 million cycles (at Ra = 0.25 μm). Therefore, RCF life increases as the roughness amplitude Ra decreases.
